On-Wafer Measurement at Millimeter Wave Frequencies
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Abstract- We investigate millimeter wave on-wafer calibration and measurement in
coplanar waveguide and demonstrate the applicability of the multiline thru-reflect-line
calibration and good measurement repeatability between laboratories. We also investigate
calibrations in conductor-backed coplanar waveguide.

INTRODUCTION

This paper examines the suitability of multiline thru-reflect-line (TRL) calibrations [1] with
reference impedance correction
[2] in coplanar waveguide (CPW)
for millimeter wave measurement. 7.9t — t=500um
We show that the TRL calibration ;4
measures the CPW mode
accurately and repeatably to 11G
GHz and that neither th& 7.6
calibration nor the measuremen@ 25l
exhibit any effects of coupling tog
or excitation of surface wavesy
This latter result contrasts with
the previously reported results of
[3] for CPW of larger transverse
dimensions, which showed effects
of strong surface wave excitation
at and above critical frequencies
where the CPW and surface Frequency (GHz)

waves are degenerate. We Wilure 1. The real part of ,; measured by the multiline TRL calibration
also show that the TRbn two wafers of different thicknesses ¢ with several different
instruments.
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calibration fails in conductor-
backed CPW.

MULTILINE TRL

CALIBRATION O
%)ﬁ
Figure 1 shows the real par I g &, \

of the effective dielectric constant’, T s \
€ur = -(cylw) 2, wherey is the & O ,;/ —— 050 "'k‘\
propagation constant of the mode /' = (=500um \
measured by the multline TRL o2} o—o t=1452um "\
calibration [1], for two CPW / a——a transmission-line model a V
transmission lines with 73 um . N
wide center conductors separated % 10 20 30 40 50 60 70 80 9 100 110
from two 250 um wide ground
planes by 49 um gaps deposited Frequency (GHz)

on gallum arsenide (GaA$}igure 2. The magnitude of the transmission coefficients (solid lines) and
wafers of thicknesses 500 pum amélection coefficients (dashed lines) of CPW inductors of identical design
1454 pm. The values o€, measured by the multiline TRL calibration on two wafers and by several

shown in Figure 1 Correspoﬁlbstruments over different frequency bands.
closely to the quasi-static value£1)/2 = 6.95 of the CPW mode, wheeg the relative dielectric
constant of the GaAs substrate, is about 12.9 [4]. The rise in the real pgrablow frequencies
is typical of that caused by the series resistance of the thin metal conductors [2], while the slight
monotonic increase in the real parteyf at high frequencies is consistent with the quasi-TEM
behavior of the CPW mode. These results indicate that the TRL calibration measures the standard
quasi-TEM CPW mode.

While scaling the results of [3] indicates that coupling to surface waves is not expected on the 500
pum thick substrate below 100 GHz, this scaling also predicts that sevesiabsweves could couple
to and be excited by the CPW mode on the thicker substrate between 40 GHz and 110 GHz. The
smooth monotonic form and close agreement of both the real part and imaginary part (not shown in
the figure) ofe., measured on the two substrates exhibits no signs of such coupling.

DEVICE MEASUREMENTS

We gathered evidence that surface waves did not effect the calibrations or the lumped behavior
of small devices embedded in the CPW lines. Figure 2, which is typical of this study, shows the
magnitudes of the scattering parameters of a distributed series inductor in a CPW line. The inductor
is formed from a 500 pm long section of high-impedance CPW with 10 um wide center conductors
separated from 10 um wide ground planes by 185 um gaps.

The figure compares the measurements to the S-parameters of a lossless 500 pm section of line
with characteristic impedance 183and a normalized propagation consfifit=2.637, values which
correspond to calculated quasi-static parameters of the section of high-impedance line. This simple
lossless model and the measurements agree fairly well despite the high loss of the narrow conductors
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in the measured circuit. 1.05
The figure shows very close I Probe 1
agreement between all of the

measurements  despite  thg ,od Probe 2
significant difference in substrate I Lo
thicknesses. This indicates thag . ) B
only the CPW mode is excited o 1"/ R N ‘,\A/\[\

the two substrates even wef | W\Kb\/ﬁ V\’\[\[“\/\ V W T §

above the critical frequencies é{!; I v L
which [3] predicts that couplingz - }
to surface waves on the thickér %973
substrate could take place.
Measurements of other devices on I
the two wafers were consistent 0-95

) . 75 80 85 90 95 100 105 110
with these observations.
Frequency (GHz)
PROBE-TIP-TO-CPW  Figure 3. The ratio of the 500 um and 1454 um thick substrate probe-tip-
TRANSITIONS to-CPW transition losses.

Any coupling into surface modes at the probe-tip-to-CPW transition on the thick substrate must
augment the loss of the transition and could also increase the transmission of energy between
transitions. Since we do not expect coupling to surface waves on the thinner substrate, the difference
of the losses of the probe-tip-to-CPW transitions on the two wafers determines the energy coupled
into surface waves by the transition and line on the thicker substrate.

We used the calibration comparison method of [5] to measure the ratio of the losses of the probe-
tip-to-CPW transitions on the two
substrates. Figure 3 shows that o
this ratio differs from 1 by only agy
few percent, eliminating the> ;o
possibility that significant energys
was coupled into surface wavg
modes by the probe-tip-to-CPV\E
transition on the thick substrate.g

We also checked for arf
increase in the transmission &
energy between probe-tip-to® 40
CPW transitions due to excitatio'ﬁ;z I
of surface waves on the thicke® -50f
substrate by examining CPW
circuits with low transmission 60
coefficients. Figure 4 shows the 0
measured transmission between a

short-circuit embedded in a CPW ) - )
Figure 4. Coupling between transitions on wafers of thickness z.

—— t=500um

----- t=1454um
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separated by 500 um froma CPW 0.5

————— Actual measured differences

open. The test structure is 1050 " & Sum of bounds
-tin-to- I &——=a Bound onOS-S'0, first laboratory
um Iong, SO the prObe tlp tol:l | o——o Bound OnD§|}-§;'D, second laboratory

CPW transitions were separatgg-
by about 1 mm during the'_

! [9))]
measurement. The figure shows
that the differences ing
transmission on the twos
Substrates are small, whicig
indicates  that  transmissiorg
between transitions was nog>§
increased by coupling to or
excitation of surface wave modes

0.10

0.05

M 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
on thg _thlcker substrate. We - = 50 o 20 7
found similar results for a number
of loads, attenuators, and other Frequency (GHz)

low-transmission  devices V\ﬁgure 5. Worst case measurement differences at V-band for nine small
tested. passive devices tested at two different laboratories and bounds on the
measurement errors.

MEASUREMENTREPEATABILITY

Figure 5 plots the magnitude of the differences of measurements of nine simple passive circuits
performed in two different laboratories. The dashed lines in the figure are the largest diffsgences
Sj| for ije{11, 21, 12, 22},

where S, was the scattering o o1 bounds

parameter measured at one I 6——o Bound forDS“.-S“.'D, first experiment
Iaboratory and S/ll was the ) | =— 5 Bound for0S-S,'0, second experiment
scattering parameter measured at [ - Measured differences

the other. The figure also shows=
bounds on the measuremep';:
errors due to instrument dri
determined by the calibratio
comparison method of [5] at eac
of the laboratories. The smait
measurement differences and low
error bounds show that the
measurements performed at the
laboratories were highly
repeatable.

Figure 6 shows the results of Frequency (GHz)

a similar experiment at W-bangigure 6. Worst case measurement differences at W-band for nine small
except that in this case the twsive devices tested twice at a single laboratory and bounds on the
measurement errors.
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sets of measurements were both ¢
performed at the same laboratory. —— CPW ¢ = 200um)

While the instrument drift during | Conductor-backed CPW 200um)
the first of the two experiments 8
was large, the instrument drift
during the second experiment angd®
differences  between  device
measurements are comparable &
the V-band results of Figure 5§ &
This indicates that the accuracy &f
the second calibration and
measurements were comparable
to those in the V-band
experiment.

===
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Figure 7. The real part of €., measured by the multiline TRL calibration

én CPW and conductor-baked CPW on a 200 ym thick GaAs substrate.

We also explore

measurements in conductor-backed CPW, a popular coplanar transmission line with a ground plane
on the back of the substrate. We did not connect the CPW ground planes to the ground plane on the
back of the substrate with via holes in our experiments. Figure 7 shows the reakpamedsured
by the multiline TRL calibration for both CPW and conductor-backed CPW fabricated on the same
wafer, achieved by patterning the ground plane on the back of the 200 um thick substrate. While the
CPW measurement is smooth and
follows the expected behavior of |
the CPW mode, the propagation '-n'h?.-,".;
constant measured on the VR
conductor-backed CPW line does o8 RO
not correspond to that expected gﬂ
of the CPW mode. This may béx A
due to coupling to a “microstrip-‘é’ oo BVA
like” mode of propagation in the® I -
conductor-backed CPW, a modg® 0.4 .
which is unaccounted for by the’ i ! t
TRL calibration. - |
Figure 8 shows measurements %7 08,0
of a series capacitor. The
reflection coefficient is shown in o N
dashed lines and the transmission 0 10 20 30 40
coefficient in solid lines. The

measurements marked with

triangles are those of a Capacifé‘gure 8. Measured scattering parameters of small lumped capacitors
embedded in CPW and conductor-backed CPW.

a&——a CPW capacitor

z——=a Conductor-backed CPW capacitor

Frequency (GHz)
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embedded in CPW and performed with a multiine CPW TRL calibration. They are smooth and well
behaved, as we would expect for a small lumped capacitor at these frequencies. The figure compares
them to measurements of a capacitor of identical design embedded in conductor-backed CPW, which
are marked by squares and were performed with a conductor-backed CPW TRL calibration. In
contrast to our CPW measurements, the conductor-backed CPW measurements are not smooth and
well behaved as we would expect, another indication that the conductor-backed CPW TRL
calibration failed.

CONCLUSION

Our experiments show that the multiine TRL calibration yields high-quality repeatable
measurements of the CPW mode up to 110 GHz in our CPW transmission lines, even above the
critical frequencies at which [3] predicts that coupling to surface waves could take place. We were
unable to find evidence that surface waves adversely affected either the calibrations or the
performance of small passive devices or that they increased the loss of or the coupling between probe-
tip-to-CPW transitions. We showed, however, that the TRL calibration fails in conductor-backed
CPW lines even at low frequencies.
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